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(54) OPTICAL SENSING DEVICE

(57) An optical sensing apparatus according to an
embodiment of the present disclosure includes a laser
device, a photodetector, and a control circuit. The laser
device includes a light source that emits laser light, a
diffusing member having a diffusing surface that crosses
an optical path of the laser light, the diffusing member
making the laser light lower in intensity in a first portion
including a center of a cross-section of the laser light that
crosses the optical path, making the laser light higher in
intensity in a second portion of the laser light that sur-
rounds the first portionin the cross-section, and enlarging
a beam diameter of the laser light, and a screen, and
irradiates a physical object with the laser light having
passed through the screen or the laser light reflected by
the screen. The control circuit causes the laser device to
irradiate the physical object with at least one optical pulse
ofthe laser light and causes the photodetector to perform
a time-resolved measurement of at least one reflected
optical pulse of the laser light returning from the physical
object.
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Description
Technical Field

[0001] The presentinvention relatestoan optical sens-
ing apparatus.

Background Art

[0002] In recent years, an optical sensing apparatus
has been used to obtain, in a non-contact manner, useful
information on the interior of a physical object such as a
living body or food. The optical sensing apparatus in-
cludes a laser device and a photodetector. The laser de-
vice irradiates the physical object with laser light. The
photodetector detects reflected scattered light coming
out from a surface of the physical object after being mul-
tiply scattered in the interior of the physical object.
[0003] In a case where the physical object is a living
body, light emitted from the laser device penetrates in-
side of the living body through the skin. After that, the
reflected scattered light coming out from the skin contains
biometric information such as a condition of the blood by
having passed through a blood vessel or the like. By de-
tecting the reflected scattered light, information such as
the pulse, blood pressure, blood flow, and oxygen satu-
ration can be obtained. These pieces of information can
be used in a physical examination.

[0004] For example, laser light with a near-infrared
wavelength of 700 to 950 nm has the property of passing
through body tissue such as muscles, fat, and bones with
a comparatively high transmissivity. Meanwhile, laser
light in a near-infrared wavelength region also have the
property of being easily absorbed into oxyhemoglobin
(HbO,) and deoxyhemoglobin (Hb) in the blood. Accord-
ingly, biometric information measurements commonly in-
volve the use of laser devices that irradiate physical ob-
jects with laser light in a near-infrared wavelength region.
[0005] Through the use of such a laser device, infor-
mation about intracerebral blood flow can be acquired
by irradiating the forehead with laser light and detecting
reflected scattered light. For example, the amount of
change in intracerebral blood flow and the respective
amounts of change in concentration of oxyhemoglobin
and deoxyhemoglobin in the blood can be measured. A
state of brain activity can be estimated on the basis of
the amount of change in blood flow, an oxygen state of
hemoglobin, or the like.

[0006] Further, information such as the freshness and
sugar content of food can be obtained in a non-destruc-
tive manner by irradiating the food with laser light and
detecting reflected scattered light from inside of the food.
[0007] PTL 1 discloses an optical cerebral function
measuring apparatus that measures a cerebral function
in a non-contact manner. PTL 2 discloses an imaging
system that performs a time-resolved measurement with
improvement in S/N ratio of signal light returning from a
deep place in body tissue.
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[0008] Further, PTLs 3 and 4 disclose a laser device
that enlarges an apparent light source size by irradiating
a scatterer with laser light and using scattered light thus
spread.

Citation List
Patent Literature
[0009]

PTL 1: Japanese Unexamined Patent Application
Publication No. 2003-337102

PTL 2: Japanese Unexamined Patent Application
Publication No. 2007-260123

PTL 3: WO 2003-077389

PTL 4: Japanese Unexamined Patent Application
Publication No. 2012-169375

Summary of Invention
Technical Problem

[0010] The present disclosure provides an optical
sensing apparatus that can improve the safety of laser
products and bring about improvement in S/N ratio. So-
lution to Problem

[0011] An optical sensing apparatus according to one
aspect of the present disclosure includes a laser device,
a photodetector, and a control circuit. The laser device
includes a light source that emits laser light, a diffusing
member having a diffusing surface that crosses an optical
path of the laser light, the diffusing member refracting or
diffracting the laser light to make the laser light lower in
intensity in a first portion including a center of a cross-
section of the laser light that crosses the optical path,
make the laser light higher in intensity in a second portion
of the laser light that surrounds the first portion in the
cross-section, and enlarge a beam diameter of the laser
light, and a screen that crosses an optical path of the
laser light having passed through the diffusing member,
and irradiates a physical object with the laser light having
passed through the screen or the laser light reflected by
the screen. The control circuit causes the laser device to
irradiate the physical object with atleast one optical pulse
ofthe laser light and causes the photodetector to perform
a time-resolved measurement of at least one reflected
optical pulse of the laser light returning from the physical
object. Advantageous Effects of Invention

[0012] An aspect of the present disclosure makes it
possible to provide an optical sensing apparatus that can
improve the safety of laser products and bring about im-
provement in S/N ratio.

Brief Description of Drawings

[0013]
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[Fig. 1] Fig. 1 is a schematic view for explaining a
configuration of a laser device and how a physical
object is irradiated with light emitted from the laser
device.

[Fig. 2A] Fig. 2Ais a plan view schematically showing
a structure of a diffusing member of the laser device.
[Fig. 2B] Fig. 2B is a cross-sectional view schemat-
ically showing the structure of the diffusing member
of the laser device.

[Fig. 3A] Fig. 3A is a diagram schematically showing
a shape of light on a diffusing surface of the laser
device.

[Fig. 3B] Fig. 3B is a diagram schematically showing
alightintensity distribution of the light on the diffusing
surface of the laser device.

[Fig. 3C] Fig. 3C is a diagram schematically showing
a shape of light on a screen of the laser device.
[Fig. 3D] Fig. 3D is a diagram schematically showing
a light intensity distribution of the light on the screen
of the laser device.

[Fig. 3E] Fig. 3E is a diagram schematically showing
a shape of light on a surface of the physical object.
[Fig. 3F] Fig. 3F is a diagram schematically showing
a light intensity distribution of the light on the surface
of the physical object.

[Fig. 3G] Fig. 3G is an example of a diagram showing
a light intensity distribution on the diffusing surface.
[Fig. 3H] Fig. 3H is an example of a diagram showing
a light intensity distribution on the screen.

[Fig. 4] Fig. 4 is a schematic view for explaining a
configuration of an optical sensing apparatus and
how a biometric measurement is carried out.

[Fig. 5] Fig. 5 is a diagram schematically showing an
internal configuration of a control circuit and a pho-
todetector of the optical sensing apparatus and the
flow of signals.

[Fig. 6A] Fig. 6A is a diagram showing an example
of a time distribution of a single optical pulse serving
as emitted light.

[Fig. 6B] Fig. 6B is a diagram showing total optical
power (solid line) detected in a stationary state, an
amount of change (dotted line) in optical power cor-
responding to an amount of change in cerebral blood
flow, and a time distribution of degrees of modulation
(dot-and-dash line).

[Fig. 7] Fig. 7 is a diagram schematically showing a
time distribution of optical pulses emitted from the
laser device, a time distribution of optical power de-
tected by the photodetector of the optical sensing
apparatus, and timings and charge storage of an
electronic shultter.

[Fig. 8A] Fig. 8A is a front view showing changes in
blood flow that are presentinside the physical object.
[Fig. 8B] Fig. 8B is a side cross-sectional view show-
ing changes in blood flow that are present in the
physical object.

[Fig. 9A] Fig. 9A is a diagram schematically showing
changes in blood flow in the interior of the physical
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object.

[Fig. 9B] Fig. 9B is a diagram schematically showing
changes in blood flow in the interior of the physical
object as image-corrected by image computations.
[Fig. 10] Fig. 10 is a schematic view for explaining a
configuration of a laser device and how a physical
object is irradiated with light emitted from the laser
device.

[Fig. 11] Fig. 11 is a schematic view for explaining a
configuration of a laser device and how a physical
object is irradiated with light emitted from the laser
device.

[Fig. 12] Fig. 12 is a schematic view for explaining a
configuration of a laser device and how a physical
object is irradiated with light emitted from the laser
device.

[Fig. 13] Fig. 13 is a schematic view for explaining a
configuration of a laser device and how a physical
object is irradiated with light emitted from the laser
device.

[Fig. 14] Fig. 14 is a diagram schematically showing
an internal configuration of a control circuit and a
photodetector of an optical sensing apparatus and
the flow of signals.

[Fig. 15] Fig. 15 is a diagram schematically showing
a time distribution of optical pulses emitted from the
laser device, a time distribution of optical power de-
tected by the photodetector of the optical sensing
apparatus, and timings and charge storage of an
electronic shutter.

[Fig. 16] Fig. 16 is a schematic view for explaining a
configuration of a conventional laser device and how
a physical object is irradiated with light emitted from
the laser device.

[Fig. 17A] Fig. 17Ais a diagram schematically show-
ing a time distribution of optical power of an optical
pulse emitted from a light source of the conventional
laser device.

[Fig. 17B] Fig. 17B is a diagram schematically show-
ing a time distribution of optical power of light with
which a physical object was irradiated by the con-
ventional laser device.

Description of Embodiments

[0014] First, prior to a description of embodiments of
the present disclosure, underlying knowledge forming
the basis of an optical sensing apparatus according to
the present disclosure is described.

[0015] PTL 1 discloses an optical cerebral function
measuring apparatus that measures a cerebral function
in a non-contact manner by irradiating the forehead of a
subject with laser light. In PTL 1, in irradiating the fore-
head of a subject with the laser light, the subject wears
a light-shielding member such as a sleeping mask for
protection of the eyes.

[0016] PTL 2 discloses an imaging system that per-
forms a time-resolved measurement with improvement
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in S/N ratio of signal light returning from a deep place in
body tissue. In PTL 2, optical pulses are used as illumi-
nating light to delay an imaging timing, whereby intense
noise light that returns temporally early is not imaged.
This brings about improvement in S/N ratio of the signal
light. In PTL 2, an endoscopic apparatus is used to ob-
serve blood flow information on a blood vessel buried in
body tissue covered with visceral fat.

[0017] PTL 3 discloses a laser device that enlarges an
apparent light source size by using scattered light coming
outspread by multiple reflection that occurs inside a scat-
terer covering an exit end of a semiconductor laser.
[0018] PTL 4 discloses an automotive headlight unit.
In PTL 4, a scattering part containing TiO, microparticles
and a phosphor isirradiated with laser light. Wavelength-
converted fluorescence is produced by the phosphor be-
ing excited by scattered light spread by multiple reflection
within the scattering part. The fluorescence and the scat-
tered light coming out spread turns into parallel light
through a reflecting mirror. Light obtained by the parallel
light passing through a diffusing member is emitted from
the automotive headlight unit.

[0019] In a case where the eye of a subject are fitted
with a light-shielding member as in the case of PTL 1, a
task that is executed in performing a brain measurement
is limited to the audio. This results in a low degree of
freedom in measurement. In a case where a measure-
ment is carried out without a light-shielding member fitted
on the eyes, a laser product that meets the safety stand-
ards of the eyes is used. The laser device is limited in
maximum permissible exposure (MPE) and accessible
emission limit (AEL) for Class 1 provided for by the safety
standards of laser products (JIS C 6802). Therefore, the
power of the laser light is set low to meet MPE and AEL
for Class 1. Parallel light such as that of PTL 1 easily
affects the eyes in particular. In a case where the laser
light is a continuum of emissions with a wavelength of,
for example, 850 nm, the maximum value of AEL is 0.78
mW, which is very small. In a case where such laser light
is used, the S/N ratio of a brain measurement becomes
very poor.

[0020] In PTLs 3 and 4, an apparent light source size
is enlarged by irradiating a scatterer with laser light and
using scattered light coming out spread and fluores-
cence. The term "apparent light source size" here means
the size of a currently light-emitting region as viewed by
a subject. The scatterer, which is a radiation source of
diverging light coming out spread, can be considered as
an extended source. In general, diverging light provides
more enhanced safety than parallel light. AEL and MPE
for Class 1 are greater in the case of diverging light than
in the case of parallel light. In the case of diverging light
from an extended source, AEL and MPE for Class 1 are
fixed at a minimum distance, included in an eye-focusing
range, at which the eyes are brought to a focus under
the most dangerous conditions.

[0021] For example, in the case of an apparent light
source size of larger than 10 mm, the eyes are brought
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to a focus at a distance of 100 mm or longer from a light
source. Accordingly, with the eyes having an aperture
diameter of 7 mm in the case of a distance of 100 mm,
AEL and MPE are determined by optical power within
the range of an aperture diameter of 7 mm. In the case
of an apparent light source size of smaller than 10 mm,
the smaller a light source is in size, the shorter the dis-
tance from light source at which the eyes are brought to
a focus becomes. For example, in the case of a light
source size of 1.5 mm, the minimum distance at which
the eyes are brought to a focus is 39. 3 mm. In the case
of a light source size of 3 mm, the minimum distance at
which the eyes are brought to a focus is 55.2 mm. Ac-
cordingly, in the case of a light source size of smaller
than 10 mm, the smaller a light source is in size, the
shorter the minimum distance at which the eyes are
brought to a focus is. Accordingly, determining the values
of AEL and MPE by optical power within the range of an
aperture diameter of 7 mm at that minimum distance re-
sults in decreases in the values of AEL and MPE.
[0022] When an apparent light source size is smaller
than 10 mm, AEL and MPE for Class 1 can be increased
in proportion to the square of the apparent light source
size. This makes it possible to irradiate a physical object
with increased power while maintaining safety.

[0023] Assume acase where the S/N ratio of an optical
sensing apparatus is improved by irradiating a physical
object with laser light from the laser device of PTL 3 or
4 (hereinafter referred to as "conventional laser device")
and performing a time-resolved measurement with the
optical sensing apparatus of PTL 2 (hereinafter referred
to as "conventional optical sensing apparatus"). The in-
ventors found that in the conventional optical sensing
apparatus, multiple scattering inside a scatterer that has
an effect of spreading laser light reduces the S/N ratio of
a time-resolved measurement. The following gives a de-
tailed description.

[0024] Fig. 16 is a schematic view for explaining a con-
figuration of a conventional laser device 106 and how a
physical object is irradiated with light emitted from the
laser device 106.

[0025] The conventional laser device 106 includes a
light source 101 and a scatterer 136 having a thickness
ds. The conventional optical sensing apparatus includes
the laser device 106 and a photodetector (notillustrated).
[0026] In the example shown in Fig. 16, emitted light
131 emitted from the light source 101 falls on the scatterer
136. Light 138 on a surface of incidence of the scatterer
136 has an optical beam diameter fg4. The incident light
138 is repeatedly multiply scattered in the interior of the
scatterer 136. Scattered light 137 is emitted spread from
the scatterer 136. Light 139 on a surface of emergence
of the scatterer 136 has an optical beam diameter f,.
The optical beam diameter fy, is larger than the optical
beam diameter fg.

[0027] The apparentlight source size is enlarged from
fg1 to fs by the scatterer 136. As a result, AEL and MPE
for Class 1 can be increased by the size of the square of
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a scale of enlargement (f,,/f54). Using a thicker scatterer
136 can make the scale of enlargement larger and there-
fore can make AEL and MPE for Class 1 greater. How-
ever, a thicker scatterer 136 reduces the intensity of scat-
tered light that is emitted from the scatterer 136.

[0028] Inthe example shown in Fig. 16, irradiating light
108, which is scattered light, gets further spread. Irradi-
ating a physical object 105 with spread light 126 turns
the light 126 into internally-scattered light 109. The inter-
nally-scattered light 109 is emitted outward as reflected
scattered light (not illustrated) containing internal infor-
mation on the physical object and detected by a photo-
detector (not illustrated).

[0029] Fig. 17A is a diagram schematically showing a
time distribution of optical power of an optical pulse emit-
ted from a light source of the conventional laser device.
In a case where a short optical pulse of, for example,
approximately 1 to 20 ns has been emitted from the light
source 101, a time distribution of optical power of light
emitted from the light source 101 is for example shaped
as shown in Fig. 17A. During a period from time t; to t,,
a trapezoidal optical pulse having a maximum optical
power Pg is emitted from the light source 101. A period
of time from time t, to t,, during which the optical power
falls is a falling period of this optical pulse, and t; (= t,¢ -
tys) is a falling time.

[0030] Fig. 17B is a diagram schematically showing a
time distribution of optical power of light with which a
physical object was irradiated by the conventional laser
device in a case where an optical pulse has passed
through a thin scatterer or a thick scatterer.

[0031] In the example shown in Fig. 16, the point of
intersection between an optical path indicated by a dot-
and-dash line and the surface of emergence of the scat-
terer 136 is the central part of the surface of emergence
of the scatterer 136. A time distribution of optical power
of the light 139 in the central part of the surface of emer-
gence of the scatterer 136 is for example shaped as
shown in Fig. 17B. The light 139 emitted from the scat-
terer 136 turns into the irradiating light 108. The thickness
ds assumes two different types of scatterer. A time dis-
tribution of optical power in the case of a thick scatterer
is represented by a dotted line, and a distribution of op-
tical power in the case of a thin scatterer is represented
by a solid line.

[0032] In the case of a thick scatterer, the irradiating
light 108 is present during a period from time tg4 to t,oo
and has a maximum optical power Pg,. The irradiating
light 108 is emitted as a trapezoidal optical pulse C,
whose lower slope leaves a trail in a back-end region in
the second half of a falling period. On the other hand, in
the case of a thin scatterer, the irradiating light 108 is
present during a period from time tg to t,,4 and has a
maximum optical power Psi. The irradiating light 108 is
emitted as a trapezoidal optical pulse C; whose lower
slope leaves a trail in a back-end region in the second
half of a falling period. A thicker scatterer is longer in
falling period length and smaller in optical power than a
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thinner scatterer. The falling time in the case of a thick
scatterer is tr,, and the falling time in the case of a thin
scatterer is t;4. The falling time t;, in the case of a thick
scatterer is longer than the falling time t; in the case of
a thin scatterer.

[0033] The term "scattered light" refers to light that be-
comes spread by a change in direction of propagation of
light by microparticles contained in the scatterer 136. As
showninFig. 16, the scattered light 137 gets spread while
being repeatedly multiply scattered while taking a zigzag
optical path or changing optical paths, for example, from
back to front or from front to back.

[0034] In the example shown in Fig. 16, all of the light
139 on the surface of emergence of the scatterer 136 is
scattered light. Accordingly, in a case where a short op-
tical pulse has been emitted from the light source 101,
times of arrival of scattered light at the surface of emer-
gence of the scatterer 136 are not identical but vary. A
thicker scatterer 136 leads to a larger degree of multiple
scattering. This results in a greater temporal variation in
the light 139 and results in alongerfalling time. Therefore,
as shown in Fig. 17B, a thicker scatterer leads to a longer
falling time of irradiating light.

[0035] The inventors studied use of the conventional
optical sensing apparatus to illuminate a physical object
with light with a long falling time that has passed through
a scatterer and to perform a time-resolved measurement
by detecting reflected scattered light from the physical
object. As a result of their study, the inventors found that
a thicker scatterer leads to not only a fall in irradiating
power due to a great loss of light but also a longer falling
time and that a longer falling time leads to a reduction in
S/N ratio of a detected signal.

[0036] On the basis of the foregoing findings, the in-
ventors conceived of a novel laser device and an optical
sensing apparatus including the same.

[0037] The present disclosure encompasses optical
sensing apparatuses according to the following items.

[First ltem]

[0038] Anoptical sensing apparatus according to afirst
item of the present disclosure includes: a laser device
including

a light source that emits laser light,

a diffusing member having a diffusing surface that
crosses an optical path of the laser light, the diffusing
member refracting or diffracting the laser light to
make the laser light lower in intensity in a first portion
including a center of a cross-section of the laser light
that crosses the optical path, make the laser light
higher in intensity in a second portion of the laser
light that surrounds the first portion in the cross-sec-
tion, and enlarge a beam diameter of the laser light,
and

a screen that crosses an optical path of the laser
light having passed through the diffusing member,
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the laser deviceirradiating a physical object with the laser
light having passed through the screen or the laser light
reflected by the screen;

a photodetector that detects at least a portion of the laser
light returning from the physical object and outputs an
electric signal; and

a control circuit that controls the laser device and the
photodetector.

[0039] The control circuit causes the laser device to
irradiate the physical object with at least one optical pulse
ofthe laser light and causes the photodetector to perform
a time-resolved measurement of at least one reflected
optical pulse of the laser light returning from the physical
object.

[0040] In the laser device of this optical sensing appa-
ratus, the beam diameter of the light on the screen is
larger than the beam diameter of the light on the diffusing
member. Further, the lightintensity on the screen is lower
than the light intensity on the diffusing member. This
makes it possible to increase irradiating power while
maintaining safety. Furthermore, for example, a falling
time of an optical pulse emitted from the light source is
substantially the same as a falling time of an optical pulse
on the screen. This makes it possible to improve the S/N
ratio of a time-resolved measurement.

[Second ltem]

[0041] In the optical sensing apparatus according to
the first item, a beam diameter of the laser light on the
diffusing surface may be smaller than 10 mm.

[0042] In this optical sensing apparatus, AEL and MPE
for Class 1 can be increased in proportion to the square
of an apparent light source size between the diffusing
member and the screen.

[Third Item]

[0043] In the optical sensing apparatus according to
the first or second item, a beam diameter of the laser
light on the screen may be not smaller than 10 mm.
[0044] In this optical sensing apparatus, the maximum
light intensity of an apparent light source on the screen
becomes lower. This ensures the safety of the eyes of a
subject.

[Fourth ltem]

[0045] In the optical sensing apparatus according to
any of the first to third items, a beam diameter of the laser
light on a surface of the physical object may be larger
than a beam diameter of the laser light on the screen.
[0046] In this optical sensing apparatus, the lightinten-
sity on the surface of the physical object becomes lower
than the light intensity on the screen. This brings about
further improvement in safety on the surface of the phys-
ical object.
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[Fifth Item]

[0047] In the optical sensing apparatus according to
any of the first to third items, the diffusing member may
further include a lens array on the diffusing surface.
[0048] In this optical sensing apparatus, emitted light
from the laser light source having a Gaussian distribution
of light intensity is converted by a diffusing member in-
cluding a lens array into light having a wholly flat distri-
bution of light intensity.

[Sixth Item]

[0049] In the optical sensing apparatus according to
any of the first to fifth items, the diffusing member may
be configured such that the laser light spreads at a first
spread angle when the laser light passes through the
diffusing member, the screen may be configured such
that the laser light spreads at a second spread angle
when the laser light passes through the screen or is re-
flected by the screen, and the first spread angle may be
larger than the second spread angle.

[0050] In this optical sensing apparatus, the distance
between the diffusing member and the screen can be
shortened.

[Seventh ltem]

[0051] In the optical sensing apparatus according to
any of the first to sixth items, the screen may include a
plurality of depressions and a plurality of projections al-
ternately arranged two-dimensionally on a surface of the
screen, and a depth of each of the plurality of depressions
and a height of each of the plurality of projections may
each range from 2 um to 30 pm.

[Eighth Item]

[0052] In the optical sensing apparatus according to
any of the first to sixth items, the screen may include a
first layer and a second layer, and a refractive index of
the first layer may be different from a refractive index of
the second layer.

[Ninth ltem]

[0053] In the optical sensing apparatus according to
any of the first to sixth items, the screen may include a
plurality of first parts and a plurality of second parts al-
ternately arranged two-dimensionally on a surface of the
screen, and a refractive index of each of the plurality of
first parts may be different from a refractive index of each
of the plurality of second parts.

[0054] In this optical sensing apparatus, the screen re-
fracts or diffracts the light. This makes it possible to de-
crease the intensity of the central part of the light, in-
crease the intensity of the peripheral part of the light, and
enlarge the beam diameter of the light.
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[Tenth Item]

[0055] In the optical sensing apparatus according to
any of the first to ninth items, 1/us < d < 1/ps’, where d
is the thickness of the screen, ps’ is the equivalent scat-
tering coefficient of the screen, and s is the scattering
coefficient of the screen.

[0056] In this optical sensing apparatus, multiple scat-
tering hardly occurs in the screen. As a result, a falling
time of an optical pulse emitted from the laser light source
can be considered to be substantially the same as a fall-
ing time of an optical pulse on the screen. This makes it
possible to perform a time-resolved measurement with
a high S/N ratio.

[Eleventh Item]

[0057] In the optical sensing apparatus according to
any of the first to tenth items, a distance from the diffusing
member to the screen may be longer than a distance
from the light source to the diffusing member.

[0058] This optical sensing apparatus makes it possi-
ble to increase the scale of enlargement of the apparent
light source size while holding the sum of the two dis-
tances constant.

[Twelfth Item]

[0059] The optical sensing apparatus according to any
ofthe firstto eleventh items may further include an optical
member, disposed between the diffusing member and
the screen, that has a first surface and a second surface
opposite to the first surface. The diffusing member may
be disposed on the first surface, and the screen may be
disposed on the second surface.

[0060] In this optical sensing apparatus, the diffusing
member and the screen are integrally formed. Forming
the diffusing member and the screen so that they face
each other brings about a structure stabilization effect.

[Thirteenth Item]

[0061] The optical sensing apparatus according to any
of the first to eleventh items may further include a first
optical member having a first surface and a second sur-
face opposite to the first surface; and a second optical
member having a third surface and a fourth surface op-
posite to the third surface. The first optical member and
the second optical member may both be disposed be-
tween the diffusing member and the screen, the diffusing
member may be disposed on the first surface, the screen
may be disposed on the fourth surface, and the second
surface may face the third surface.

[0062] A diffusing structure formed by a combination
of the diffusing member and the first optical member can
be fabricated by forming, on a large optical member, a
diffusing member of the same size as the optical member
and cutting out a desired size. The diffusing stricture is
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smaller in size than a screen structured formed by a com-
bination of the screen and the second optical member.
Accordingly, the cost of the diffusing structure can be
reduced.

[Fourteenth Item]

[0063] The optical sensing apparatus according to any
of the first to eleventh items may further include: a first
optical member having a first surface and a second sur-
face opposite to the first surface; and a second optical
member having a third surface and a fourth surface op-
posite to the third surface. The first optical member may
be disposed between the diffusing member and the
screen, the diffusing member may be disposed on the
first surface, the screen may be disposed on the third
surface, the second surface may face a surface of the
screen, the second surface may be tilted with respect to
the surface of the screen, and the laser device may irra-
diate the physical object with the laser light reflected by
the surface of the screen.

[0064] In this optical sensing apparatus, the optical
path from the light source to the physical object is not
linear but folded. This makes it possible to make the size
of the laser device smaller in the direction of propagation
of the light reflected by the screen.

[Fifteenth Item]

[0065] The optical sensing apparatus according to any
of the first to twelfth items may furtherinclude a collimator
lens located between the laser light source and the dif-
fusing member.

[0066] In this optical sensing apparatus, the light emit-
ted from the light source is converted by the collimator
lens into parallel light. The diffusing member is designed
in accordance with parallel light. Accordingly, it is not
necessary to design the diffusing member in accordance
with diverging light serving as the emitted light from the
light source, so that the design of the diffusing member
is simplified.

[Sixteenth Item]

[0067] In the optical sensing apparatus according to
any of the first to fifteenth items, the control circuit may
cause the photodetector to detect a component of light
included in a falling period of the at least one reflected
optical pulse and output an electric signal representing
an amount of the component, and the falling period may
be a period from beginning to end of a decrease in inten-
sity of the at least one reflected optical pulse.

[Seventeenth Item]
[0068] In the optical sensing apparatus according to

the sixteenth item, the electric signal may contain infor-
mation on an internal state of the physical object.
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[Eighteenth Item]

[0069] In the optical sensing apparatus according to
the seventeenth item, the physical object may be a living
body, and the electric signal may contain information on
blood flow in the living body.

[Nineteenth Item]

[0070] In the optical sensing apparatus according to
the seventeenth item, the physical object may be a hu-
man forehead, and the electric signal may contain infor-
mation on cerebral blood flow.

[Twentieth Item]

[0071] In the optical sensing apparatus according to
any of the first to nineteenth items, the electric signal may
containinformation on a distance from the physical object
to the photodetector.

[Twenty-first ltem]

[0072] In the optical sensing apparatus according to
the twentieth item, the photodetector may be a time-of-
flight (TOF) camera.

[0073] In the present disclosure, all or a part of any of
circuit, unit, device, part or portion, or any of functional
blocks in the block diagrams may be implemented as one
or more of electronic circuits including, but not limited to,
a semiconductor device, a semiconductor integrated cir-
cuit (IC) or an LSI. The LSl or IC can be integrated into
one chip, or also can be a combination of plural chips.
For example, functional blocks other than a memory may
be integrated into one chip. The name used here is LSI
or IC, but it may also be called system LSI, VLSI (very
large scale integration), or ULSI (ultra large scale inte-
gration) depending on the degree of integration. A Field
Programmable Gate Array (FPGA) that can be pro-
grammed after manufacturing an LS| or a reconfigurable
logic device that allows reconfiguration of the connection
or setup of circuit cells inside the LS| can be used for the
same purpose.

[0074] Further, it is also possible that all or a part of
the functions or operations of the circuit, unit, device, part
or portion are implemented by executing software. In
such a case, the software is recorded on one or more
non-transitory recording media such as a ROM, an opti-
cal disk or a hard disk drive, and when the software is
executed by a processor, the software causes the proc-
essor together with peripheral devices to execute the
functions specified in the software. A system or appara-
tus may include such one or more non-transitory record-
ing media on which the software is recorded and a proc-
essor together with necessary hardware devices such
as an interface.

[0075] In the following, embodiments of the present
disclosure are more specifically described. Note, howev-
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er, that an unnecessarily detailed description may be
omitted. For example, a detailed description of a matter
that has already been well known and a repeated de-
scription of substantially identical configurations may be
omitted. This is intended to prevent the following descrip-
tion from becoming unnecessarily redundant and facili-
tate understanding of persons skilled in the art. It should
be noted that the inventors provide the accompanying
drawings and the following description so that persons
skilled in the art can sufficiently understand the present
disclosure, and do not intend to thereby limit the subject
matters recited in the claims. In the following description,
identical or similar constituent elements are given the
same reference signs.

[0076] In the following, embodiments are described
with reference to the drawings.

(Embodiment 1)

[0077] First, a laser device according to Embodiment
1 of the present disclosure is described in detail with ref-
erence to Figs. 1 to 3C. Figs. 1 to 3C show XYZ coordi-
nates whose X, Y, and Z directions are orthogonal to one
another.

[0078] Fig. 1 is a schematic view for explaining a con-
figuration of a laser device 6 according to Embodiment
1 of the present disclosure and how a physical object 5
is irradiated with light 8 emitted from the laser device 6.
[0079] The laser device 6 of Embodiment 1 includes a
laser light source 1, a diffusing member 20, and a screen
21.

[0080] The laser light source 1 is for example a semi-
conductor laser that repeatedly emits optical pulses. The
laser light source 1 emits light of, for example, not shorter
than 650 nm to not longer than 950 nm. This wavelength
range is included in a wavelength range of red to near
infrared radiation. The aforementioned wavelength
range is called "biological window" and known to be low
in absorptance in the body. The laser light source 1 ac-
cording to Embodiment 1 is described as one that emits
light falling within the aforementioned wavelength range,
but light falling within another wavelength range may be
used. The term "light" as used herein means not only
visible light but also infrared radiation.

[0081] In a visible light region of shorter than 650 nm,
absorption by hemoglobin in the blood is high, and in a
wavelength range of longer than 950 nm, absorbance by
water is high. Meanwhile, in a wavelength range of not
shorter than 650 nm to not longer than 950 nm, the ab-
sorption coefficients of hemoglobin and water are com-
paratively low and the scattering coefficients of hemo-
globin and water are comparatively high. Accordingly,
light falling within this wavelength range is subjected to
strong scattering after entering the body and returns to
the body surface. This makes it possible to efficiently
acquire information on the interior of the body. Therefore,
the present embodiment mainly uses light falling within
this wavelength range.
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[0082] Thediffusingmember20 has a diffusing surface
20s that crosses the optical path of light 31 emitted from
the laser light source 1. The diffusing member 20 refracts
or diffracts light to make the light 31 lower in intensity in
a central partserving as a first portion including the center
of a cross-section of laser light that crosses the optical
path and make the light 31 higher in intensity in a periph-
eral part serving as a second portion of the laser light
that surrounds the first portion in the cross-section. For
example, in a case where light having a Gaussian distri-
bution of intensity has fallen on the diffusing member 20,
the light is converted into light having an approximately-
flat distribution of intensity and emitted from the diffusing
member 20. A specific example of a configuration of the
diffusing member 20 will be described later.

[0083] The screen 21 crosses an optical path 27 of
light 23 having passed through the diffusing member 20.
On a surface of the screen 21, there appears a spot of
light having passed through the screen 21 or light reflect-
ed by the screen 21. In the present embodiment, the spot
of light can be construed as being an apparent light
source. The term "screen" as used herein refers to a
member that does not have a function of greatly convert-
ing an intensity distribution of light and reflects the ap-
parentlight source. The screen 21 enlarges the apparent
light source size. In the absence of the screen 21, the
apparent light source size is the beam diameter f; of light
24 on the diffusing surface 20s. In the presence of the
screen 21, the apparent light source size is the beam
diameter f, of light 25 on the screen 21. The beam diam-
eter f, of the light 25 on the screen 21 is larger than the
beam diameter f; of the light 24 on the diffusing surface
20s. The apparentlight source size on the screen 21 may
be herein sometimes referred to as "light source size of
the laser device 6". A specific example of a configuration
of the screen 21 will be describer later.

[0084] In the example shown in Fig. 1, it is assumed
that d, is the distance from the laser light source 1 to the
diffusing member 20, that d, is the distance from the dif-
fusing member 20 to the screen 21, and that WD is the
distance from the screen 21 to the physical object 5. The
light 31, which is emitted light, the light 23, which is de-
flected light or diffracted light emitted from the diffusing
member 20, and the light 8, which is irradiating light, are
each diverging light oriented in the Z direction on the
optical path. The diffusing member 20 and the screen 21
are each placed orthogonal to the optical path 27 and
parallel to the Y direction. An example is illustrated in
which the optical path of the light 23 emitted from the
diffusing member 20 is parallel to the Z direction. Without
being bound by such a configuration, the optical path of
the light 23 may be set at a slant from the Z direction. In
that case, the screen 21 may be placed at a tilt from the
Y direction so that the screen 21 is perpendicular to the
optical path.

[0085] The physical object 5 is irradiated with the light
8 having passed through the screen 21 or the light 8
reflected by the screen 21. The beam diameter f5 of light
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26 on a surface 5s of the physical object 5 is larger than
both the beam diameter f; of light on the diffusing surface
20s and the beam diameter f, of light on the screen 21.
The distance WD does not need to be that great in order
for the physical object 5 to be illuminated at a wide angle.
The light 8 enters the physical object 5. A portion of the
light 8 turns into directly-reflected light (not illustrated)
that is reflected by the surface 5s, and another portion
of the light 8 turns into internally-scattered light 9.
[0086] The laser device 6 further includes an optical
member 28 having a first surface 1 and a second surface
that face each other. In the example shown in Fig. 1, the
diffusing member 20 and the screen 21 are formed inte-
grally with the optical member 28. The optical member
28 has translucency. The optical member 28 is for ex-
ample a glass is a planar substrate of glass or resin. The
diffusing member 20 is disposed on the first surface, and
the screen 21 is disposed on the second surface. The
optical member 28, on which the diffusing member 20
and the screen 21 are disposed, is placed so that the
diffusing member 20 faces the laser light source 1. Plac-
ing the diffusing member 20 and the screen 21 on the
optical member 28 so that the diffusing member 20 and
the screen 21 face each other brings about a structure
stabilization effect. Further, the optical member 28, the
diffusing member 20, and the screen 21 may be used as
a single optical component by being integrally molded by
injection molding of resin. The integral molding is advan-
tageous in terms of cost and positioning.

[0087] The inventors found the following. The light 31,
which is diverging light, emitted from the laser light source
31 enters the diffusing member 20 and turns into the light
23, which is refracted light or diffracted light emitted
spread from the diffusing member 20. The light 23 travels
in a straight line in a particular direction without being
multiply scattered. Therefore, there are no temporal var-
iations in time distribution of optical power no matter
where on the screen 21 a time distribution is observed.
Further, a time distribution of optical power is the same
in shape as a time distribution of the optical power of the
light 31. That is, in a case where a short optical pulse of,
for example, approximately 1 to 20 ns has been emitted
from the laser light source 1, the falling time of an optical
pulse of the laser light source 1 can be considered to be
the same as the falling time of an optical pulse 25 on the
screen 21.

[0088] The screen 21 may include, for example, a plu-
rality of depressions and a plurality of projections alter-
nately arranged two-dimensionally on the surface of the
screen 21, and the depth of each of the plurality of de-
pressions and the height of each of the plurality of pro-
jections may each range from 2 pum to 30 uwm. Alterna-
tively, the screen 21 may include afirstlayerand a second
layer, and the refractive index of the first layer may be
different from the refractive index of the second layer.
For example, the second layer may be formed by apply-
ing paint to a surface of the first layer. Alternatively, the
screen 21 may include a plurality of first parts and a plu-
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rality of second parts alternately arranged two-dimen-
sionally on the surface of the screen 21, and the refractive
index of each of the plurality of first parts may be different
from the refractive index of each of the plurality of second
parts. It is desirable that multiple scattering not occur on
the screen 21. The illustrated structure is a structure in
which multiple scattering hardly occurs. The inventors
found that multiple scattering hardly occurs when such
a screen 21 having a surface to which paint has been
applied or a screen 21 varying in refractive index from
position to position satisfies 1/us < d < 1/MS’, where d is
the thickness of the member, g’ is the equivalent scat-
tering coefficient of the member, and u is the scattering
coefficient of the member. In a case where the physical
object 5 is irradiated with the light 8 having passed
through such a screen 21, the falling time of an optical
pulse on the surface 5s of the physical object 5 can be
considered to be substantially the same as the falling
time of an optical pulse of the laser light source 1, so that
the influence of multiple scattering is small. Accordingly,
the laser device 6 is applicable to a high S/N ratio time-
resolved measurement.

[0089] Further, the apparent light source size is en-
larged from f; to f,. As a result, AEL and MPE for Class
1 can be increased by the size of the square of a scale
of enlargement (fo/f;).

[0090] Figs. 2A and 2B are a plan view and a cross-
sectional view, respectively, schematically showing a
structure of the diffusing member 20 of the laser device
6 according to Embodiment 1 of the present disclosure.
The cross-section in the example shown in Fig. 2B is
equivalent to the cross-section taken along IIB-IIB in the
example shown in Fig. 2A.

[0091] The diffusing member 20 is placed on one of
the two surfaces of the optical member 28. The diffusing
member 20 has a function of further spreading the light
31, which is emitted light from the laser light source 1.
As shown in Fig. 1, the diffusing member 20 converts the
light 31 into the light 23, which is refracted light or dif-
fracted light. The light 31 has a maximum angle of emer-
gence 0. The light 23 emitted from the diffusing member
20 has a spread angle 0, thatis larger than an angle sin-!
(sin6/n) of incidence on the optical member 28 with a
refractive index n in the absence of the diffusing member
20. Therefore, 84 > sin"'(sind/n) holds. In order to perform
a time-resolved measurement with a reduced loss of
light, it is desirable that the scattering member 20 not be
a microparticle-containing scatterer.

[0092] In the laser device 6 according to the present
embodiment, the diffusing member 20 includes a lens
array 32 on the diffusing surface 20s. The lens array 32
diffuses light by refracting or diffracting it. The lens array
32 is formed, for example, by a transparent resin con-
taining no microparticles. Although, in the examples
shown in Figs. 2A and 2B, the lens array 32 is a4 X 4
refractive lens array having four lenses arranged in both
the X direction and the Y direction, the lens array 32 may
alternatively be a diffractive lens array. The number of
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lenses may be set according to the specifications. The
number of lenses may be increased by reducing the size
of each lens. Further, although the lenses shown are con-
vex in shape, they may alternatively be concave in shape.
Concave lenses and convex lenses may be randomly
arranged to form a lens array.

[0093] Random variations inthe centers 34 of the lens-
es, in the film thickness distributions of the lenses, and
in lens boundaries 35 in an XY plane in the lens array 32
bring about an effect of reducing diffraction noise in the
light8. In the example shown in Fig. 2A, the film thickness
distributions are represented by contour lines 33 of cer-
tain heights.

[0094] The light 31 emitted from the laser light source
1 has a Gaussian distribution of light intensity. By passing
through each convex lens in the lens array 32, the light
31 having a Gaussian distribution of light intensity turns
into a plurality of rays from each separate convex lens
that overlap one another to form a wholly flat distribution
of light intensity.

[0095] Fig. 3A is a diagram schematically showing a
shape of light on the diffusing surface 20s of the laser
device 6 according to Embodiment 1 of the present dis-
closure, and Fig. 3B is a diagram schematically showing
a light intensity distribution of the light on the diffusing
surface 20s of the laser device 6. Fig. 3C is a diagram
schematically showing a shape of light on the screen 21
of the laser device 6 according to Embodiment 1 of the
present disclosure, and Fig. 3D is a diagram schemati-
cally showing a light intensity distribution of the light on
the screen 21 of the laser device 6. Fig. 3E is a diagram
schematically showing a shape of light on the surface 5s
of the physical object 5 according to Embodiment 1 of
the present disclosure, and Fig. 3F is a diagram sche-
matically showing a light intensity distribution of the light
on the surface 5s of the physical object 5.

[0096] Inacasewhereacommon semiconductorlaser
light source is used as the laser light source 1, the light
31, which is emitted from the laser light source 1, has a
Gaussian distribution with different angles of emergence
in the X direction and the Y direction. Accordingly, as
shown in Fig. 3A, the shape of the light 24 on the diffusing
member 20 is for example an elliptical shape having a
long axis in the X direction. C, represents the center of
the elliptical shape. As shown in Fig. 3B, the maximum
light intensity of the light 24 is P,. The beam diameters
of 1/e2 of the light 24 in the X direction and the Y direction
are f;, and f,, respectively, and for example, when d; =
4 mm, f;, =2 mm and f;, = 1 mm. The apparent light
source size in the diffusing member 20 is the average of
the beam diameters of 1/e2 in the X direction and the Y
direction. The apparent light source size is 1.5 mm. The
average of the beam diameters is herein sometimes re-
ferred to simply as "beam diameter".

[0097] Usingthe lensarray 32 as the diffusing member
20 makes it possible to convert a Gaussian distribution
of lightintensity into a substantially flat distribution of light
intensity on the screen 21. The beam diameters of 1/e2
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inthe X direction and the Y direction are f,, and f,,, which
are substantially the same; for example, f,, = fp, = 10
mm. As shown in Fig. 3C, the shape of the light 25 on
the screen 21 can be made equal to the shape of a lens
boundary 35 forming one lens. C, represents the center
of the rectangular shape.

[0098] AsshowninFig.3D,the maximum lightintensity
becomes P, and can be made much smaller than P,. In
terms of safety of the eyes, it is desirable that the maxi-
mum light intensity of the apparent light source be low.
This is for the following reason. In a case where laser
lighthasfallenon aneye, a speckle appears on theretina,
as the laser light has coherence. This causes the light
intensity to reach its maximum in certain places on the
retina. If the maximum light intensity is too high, the retina
might be damaged.

[0099] Accordingly, the diffusing member 20 refracts
or diffract the light 31 emitted from the laser light source
1, thereby reducing the intensity of the central part of the
light 31 and increases the intensity of the peripheral part
ofthe light 31. The laser device 6 is required to have such
characteristics as to be able to maximize total optical
power while minimizing light intensities in positions on
the screen 21, which is the apparent light source. A light
intensity distribution of the light 25 on the screen 21 may
be a flat distribution such as that shown in Fig. 3D.
[0100] For a reduction in size of the laser device 6 in
the Z direction, itis preferable that d + d, be small. Mean-
while, the beam diameter of the light 25 on the screen
21, which is the apparent light source size, may be not
smaller than 10 mm. Further, d; may be reduced so that
the beam diameter of the light 24 on the diffusing surface
20sis smallerthan 10 mm. Thisis because, as mentioned
above, when the apparent light source size is smaller
than 10 mm, AEL and MPE for Class 1 can be increased
in proportion to the square of the apparent light source
size. For minimization of d,, the beam diameter f of light
on the screen 21 may be 10 mm.

[0101] A substantial spread angle 8-sin-'(sin6/n) that
is obtained by the diffusing member 20 may be made
larger than a substantial spread angle 05-sin-'(nsing,)
that is obtained by the screen 21. This brings about an
effect of making d, smaller. The substantial spread angle
that is obtained by the diffusing member 20 means a
measure of an angle by which oblique incident light is
spread by the diffusing member 20. This substantial
spread angle is equivalent to the difference between an
angle of aray of lightin the absence of the diffusing mem-
ber 20 and an angle of a ray of light in the presence of
the diffusing member 20. The substantial spread angle
that is obtained by the screen 21 means a measure of
an angle by which oblique incident light is spread by the
screen 21. This substantial spread angle is equivalent to
the difference between an angle of a ray of light in the
absence of the screen 21 and an angle of a ray of light
in the presence of the screen 21.

[0102] Inthelaserdevice 6 ofthe presentembodiment,
the apparent light source size is enlarged, for example,
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from f; = 1.5 mmtof, = 10 mm. The scale of enlargement
is f,/f; = 6.7 times. Then, AEL and MPE for Class 1 can
be increased by 44 times, which is the size of the square
of the scale of enlargement.

[0103] The light 26 on the surface 5s of the physical
object 5 is light obtained by spreading the light 25 on the
screen 21. Therefore, as shown in Fig. 3E, the beam
diameters of 1/e2 in the X direction and the Y direction
are f3, and f3,, which are substantially the same; for ex-
ample, fs, = f3, = 60 mm. As shown in Fig. 3F, the max-
imum light intensity P5 of the light 26 is smaller than P,
so that the light 26 has a substantially flat light intensity
distribution.

[0104] The distance d, from the diffusing member 20
to the screen 21 may be made longer than the distance
d, from the surface of emergence of the laser light source
1 to the diffusing member 20. This makes it possible to
increase the scale of enlargement of the apparent light
source size while holding d; + d, constant.

[0105] Fig. 3G is an example of a diagram showing a
light intensity distribution on the diffusing surface 20s in
a case where the diffusing member 20 having depres-
sions and projections has been actually irradiated with
red laser light, and Fig. 3H is an example of a diagram
showing a light intensity distribution on the screen 21 in
a case where the diffusing member 20 having depres-
sions and projections has been actually irradiated with
red laser light. In the example shown in Fig. 3G, a Gaus-
sian distribution with a small beam diameter and a high
light intensity is shown in the diffusing surface 20s. The
color of white indicates a high light intensity. Meanwhile,
in the example shown in Fig. 3H, a Gaussian distribution
with a large beam diameter and a low light intensity is
shown on the screen 21. The color of black indicates a
low light intensity. As shown in Figs. 3G and 3H, it is
found that light having passed through the diffusing mem-
ber 20 exhibits a substantially flat distribution with a
much-enlarged beam diameter and a low intensity distri-
bution.

[0106] In the absence of the screen 21, light having a
high light intensity distribution as shown in Fig. 3G is di-
rectly viewed by a subject as the apparent light source.
This causes the subject to feel dazzled and have a feeling
of discomfort. Further, in terms of safety of the eyes, it is
not desirable to directly view light having a high light in-
tensity distribution. Meanwhile, in the presence of the
screen 21, a light having a low light intensity distribution
as shown in Fig. 3H can be safely directly viewed by the
subject as the apparent light source.

[0107] Next, a laser sensing apparatus according to
Embodiment 1 of the present disclosure is described.
[0108] Fig. 4 is a schematic view for explaining a con-
figuration of an optical sensing apparatus 17 according
to Embodiment 1 of the present disclosure and how a
biometric measurement is carried out. Fig. 5 is a diagram
schematically showing an internal configuration of a con-
trol circuit 7 and a photodetector 2 of the optical sensing
apparatus 17 according to Embodiment 1 of the present
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disclosure and the flow of signals.

[0109] The light sensing apparatus 17 according to
Embodiment 1 includes the aforementioned laser device
6, the photodetector 2, and the control circuit 7.

[0110] The control circuit 7 controls the laser device 6
and the photodetector 2. The laser light source 1 can
generate almost any optical pulse by starting and stop-
ping the emission of light and changing light emission
powers in accordance with instructions from the control
circuit 7. Further, the control circuit 7 includes a signal
processing circuit 36 that processes an electric signal 15
(hereinafter referred to simply as "signal") that is output-
ted from the photodetector 2. The electric signal 15 con-
tains information on aninternal state. The signal process-
ing circuit 36 generates internal information on the phys-
ical object 5 by performing a computation involving the
use of a plurality of signals outputted from the photode-
tector 2.

[0111] The control circuit 7 may be an integrated circuit
having a processor such as a central processing unit
(CPU) and a memory. For example, by executing a pro-
gram stored in the memory, the control circuit 7 causes
the laser device 6 to emit light and causes the photode-
tector 2 to detect the light in synchronization with the
emission of the light by the laser device 6. Although, in
the present embodiment, the optical sensing apparatus
17 includes the control circuit 7, the control circuit 7 may
be an element that is external to the optical sensing ap-
paratus 17.

[0112] The photodetector 2 detects reflected scattered
light 11 reflected and/or scattered by a physical object 5
located away from the laser device 6 and outputs an elec-
tric signal 15. The photodetector 2 includes a photoelec-
tric converter 3 that generates signal charge correspond-
ing to the amount of light received, a storage 4 in which
signal charge is stored, and a drain 12 through which
signal charge is discharged. The photoelectric converter
3 may include, for example, a photodiode. Signal charge
produced by the photoelectric converter 3 is stored in the
storage 4 or discharged through the drain 12. The timings
of signal storage and discharge are controlled by the con-
trol circuit 7 and an internal circuit of the photodetector
2. The internal circuit of the photodetector 2 involved in
this control is herein sometimes referred to as "electronic
shutter".

[0113] Inthe present embodiment, the physical object
5 is the forehead of a person. Information on cerebral
blood flow can be acquired by irradiating the forehead
with light and detecting the resulting scattered light. The
"scattered light" contains reflected scattered light and
transmitted scattered light. In the following description,
the reflected scattered light is sometimes simply referred
to as "reflected light".

[0114] Presentin the interior of the forehead, which is
the physical object 5, are the scalp (approximately 3 to
6 mm thick), the skull (approximately 5 to 10 mm thick),
the cerebrospinal fluid layer (approximately 2 mm thick),
andthe braintissue, starting from the surface. Theranges
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of thicknesses in parentheses mean that there are differ-
ences between individuals. Blood vessels are presentin
the scalp and in the brain tissue. Accordingly, blood flow
in the scalp is called "scalp blood flow", and blood flow
in the brain tissue is called "cerebral blood flow". In a
cerebral function measurement, a measurement object
is a part where there is cerebral blood flow.

[0115] Aliving body is a scatterer. A portion of the light
8 emitted toward the physical object 5 returns as directly-
reflected light 10 to the optical sensing apparatus 17.
Another portion of the light enters the interior of the phys-
ical object 5 and gets diffused, and a portion of it is ab-
sorbed. The light having entered the interior of the phys-
ical object 5 turns into internally-scattered light 9 contain-
ing information on blood flow that is present in a range
of depth of approximately 10 to 18 mm from the surface,
i.e. cerebral blood flow. The internally-scattered light 9
returns to the optical sensing apparatus 17 as reflected
scattered light 11 from the interior. The directly-reflected
light 10 and the reflected scattered light 11 are detected
by the photodetector 2.

[0116] The time from the emission of the directly-re-
flected light 10 from the laser device 6 to arrival of the
directly-reflected light 10 at the photodetector 2 is rela-
tively short, and the time from the emission of the reflect-
ed scattered light 11 from the interior from the laser de-
vice 6 to arrival of the reflected scattered light 11 from
the interior at the photodetector 2 is relatively long.
Among them, the component required to be detected at
a high S/N ratio is the reflected scattered light 11 from
the interior, which has the information on cerebral blood
flow.

[0117] Itshould be noted that the transmitted scattered
light, as well as the reflected scattered light, may be used
in carrying out a biological measurement other than a
cerebral blood flow measurement. In a case where infor-
mation on blood other than cerebral blood flow is ac-
quired, the part being tested may be a part other than
the forehead (e.g. an arm, a leg, or the like). In the fol-
lowing description, unless otherwise noted, the physical
object 5 is the forehead. The subject is a human, but may
alternatively be a non-human animal having skin and
having a hairless part. The term "subject" as used herein
means specimens in general including such animals.
[0118] In order to quantify the light amounts of the di-
rectly-reflected light 10 and the reflected scattered light
11 thatare detected by the photodetector 2, the inventors
ran a simulation of an optical pulse response assuming,
as the physical object 5, a phantom mimicking the head
of a typical Japanese. Specifically, the inventors calcu-
lated through a Monte Carlo analysis a time distribution
of optical power, i.e. an optical pulse response, that is
detected by the photodetector 2 in a case where an op-
tical pulse 8 is emitted toward a physical object 5 located
at a distance of, for example, 15 cm from the laser device
6.

[0119] Fig. 6A is a diagram showing an example of a
time distribution of a single optical pulse that is emitted
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light. In this example, the optical pulse has a wavelength
A of 850 nm and a full width at half maximum of 11 ns.
This single optical pulse has a typical trapezoidal shape
whose rising and falling times are each 1 ns. The term
"rising time" as used herein means the time it takes for
an optical power to increase from a peak value of 0% to
100%, and the period of time is referred to as "rising pe-
riod". The term "falling time" means the time it takes for
an optical power to decrease from a peak value (100%)
to zero (0%), and the period of time is referred to as "fall-
ing period". The example shown in Fig. 6A assumes that
the emission of the single optical pulse starts at a time t
= 0 and completely stops att = 12 ns.

[0120] Since the velocity of light ¢ is 300000 km/s and
the distance from the laser device 6 to the physical object
5is 15 cm, the time t from the emission of the light 8,
which is irradiating light, to the arrival of the light 8 at the
surface of the physical object 5 is 0.5 ns. The time it takes
for the light 8 to arrive at a surface of the photodetector
2 after being directly reflected by the surface of the phys-
ical object 5 and turning into the directly-reflected light
10 is 1 ns. Accordingly, the time it takes for the light to
be detected on the photodetector 2 is 1 ns or longer.
[0121] The optical sensing apparatus 17 measures the
amount of change in light amount of the reflected scat-
tered light 11 from the interior of the physical object 5 on
the basis of changes in oxyhemoglobin concentration
and deoxyhemoglobin concentration in the cerebral
blood flow. The brain tissue has an absorber whose ab-
sorption coefficient and scattering coefficient vary ac-
cording to changes in cerebral blood flow. In a stationary
state, it is possible to model the interior of the brain as
uniform brain tissue and conduct a Monte Carlo analysis.
The term "changes in blood flow" as used herein means
temporal changes in blood flow.

[0122] Fig. 6B is a diagram showing total optical power
(solid line) detected in a stationary state, an amount of
change (dotted line) in optical power corresponding to
an amount of change in cerebral blood flow, and a time
distribution of degrees of modulation (dot-and-dash line).
The term "degree of modulation" means a value obtained
by dividing, by the total optical power detected in the sta-
tionary state, the amount of change in optical power cor-
responding to the amount of change in cerebral blood
flow. In Fig. 6A, the vertical axis is expressed by a linear
display, and in Fig. 6B, the vertical axis is expressed by
a logarithmic display.

[0123] The amount of change in optical power corre-
sponding to the amount of change in cerebral blood flow,
which is included in the total optical power detected in
the stationary state, is only approximately 2 X 10-5.
[0124] Let it be assumed that t is the time at which
the light power starts to decrease on the photodetector
2 and t,, is the time at which the light power completely
decreases to a noise level. As shownin Fig. 6B, itis found
that the proportion of signals that indicate changes in
cerebral blood flow becomes higher in a falling period 13
of light during which the time t is not shorter than t,4 and
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notlongerthant, . As the second half of the falling period
13 of light passes, the light amount decreases and noise
increases accordingly. However, the degree of modula-
tion becomes higher. Of the light falling period 13 of light
tp < t<ty,, the power of light at and after t = 13.5 ns, for
example, is approximately 1/100 of the total optical power
at which the light 8, which is an optical pulse, was de-
tected. In a case where light arriving during the falling
period 13 is subjected to a time-resolved measurement
with use of the function of an electronic shutter of the
photodetector 2, the proportion of optical power corre-
sponding to the amount of change in cerebral blood flow
increases to 7% of the total optical power that is detected
at and after t = 13.5 ns. This makes it possible to suffi-
ciently acquire signals that indicate changes in cerebral
blood flow. Without use of the electronic shutter, the pro-
portion of changes in cerebral blood flow is approximately
2 X 105,

[0125] Accordingly, signals that indicate changes in
cerebral blood flow can be detected by using the photo-
detector 2 to receive a component of the reflected scat-
tered light 11 included in the falling period 13 of an optical
pulse from the physical object 5 and detect changes in
optical power thereof.

[0126] The emission of an optical pulse and the detec-
tion of light in the light sensing apparatus 17 of to the
present embodiment are described on the basis of the
aforementioned principle of measurement of changes in
cerebral blood flow.

[0127] In a case where the subject 5 is a human as in
the case of the present embodiment, AEL and MPE for
Class 1 need to be met for safety of the eyes. As de-
scribed above, the laser device 6 of the present embod-
iment can increase AEL and MPE. However, the S/N
ratio of signal light is not enough in many cases of cere-
bral function measurements. Accordingly, improvement
in S/N ratio is usually brought about by repeatedly per-
forming optical pulse emission and signal detection.
[0128] Fig. 7 is adiagram schematically showing atime
distribution (upper row) of optical pulses 38 emitted from
the laser device 6, a time distribution (middle row) of op-
tical power detected by the photodetector 2 of the optical
sensing apparatus 17, and timings and charge storage
(lower row) of an electronic shutter according to Embod-
iment 1 of the present disclosure.

[0129] In the optical sensing apparatus 17 of Embod-
iment 1, the control circuit 7 causes the laser device 6 to
irradiate the physical object 5 with at least one optical
pulse 38. The control circuit 7 causes the photodetector
2todetecta componentoflightincluded in afalling period
of at least one reflected optical pulse 19 returning from
the physical object 5 and output an electric signal 15 rep-
resenting the amount of light detected.

[0130] As shown in the upper row of Fig. 7, the laser
light source 1 emits optical pulses 38 in sequence, for
example, in a cycle A4. An optical pulse 38 has a pulse
width T4 and a maximum optical power P4. T, (= A¢-Ty)
represents a duration of time during which no optical
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pulse 38 is present.

[0131] As shown in the middle row of Fig. 7, a distri-
bution of a reflected optical pulse 19 detected by the pho-
todetector 2 in correspondence with an optical pulse 38
has a pulse shape whose lower slope is slightly spread.
This is attributed to the occurrence of a time lag under
the influence of internal scattering in the physical object
5. The pulse width T is slightly wider than T,.

[0132] The photodetector 2 photoelectrically converts,
through the photoelectric converter 3 of the photodetec-
tor 2, a component of light in a reflected optical pulse 19
included in a falling period 13 and stores signal charge
18 in the storage 4.

[0133] In the present embodiment, the pulse width T,
of an optical pulse 38 ranges from 11 to 22 ns. These
optical pulses 38 may be repeatedly emitted, for exam-
ple, approximately 1000 times to 1000000 times in a time
cycle A4 of approximately 55 ns to 110 ns. In this way,
one frame is composed. Laying frames side by side can
compose a moving image.

[0134] In the optical sensing apparatus 17 of the
present embodiment, the photodetector 2 includes an
electronic shutter that switches between storing signal
charge and not storing signal change and the storage 4.
The electronic shutter is a circuit that controls storage
and discharge of signal charge generated by the photo-
electric converter 3.

[0135] A component of lightincluded in a falling period
13 of a reflected optical pulse 19 is photoelectrically con-
verted by the photoelectric converter 3. After that, the
storage 4 is selected (that s, the electronic shutter is kept
open) in accordance with a control signal 16a from the
control circuit 7, and signal charge 18 is stored for a period
of time Tg of, for example, 11 to 22 ns. After passage of
the period of time Tg, the drain 12 is selected (that is, the
electronic shutter is kept close) in accordance with a con-
trol signal 16¢ from the control circuit, and charge from
the photoelectric converter 3 is released.

[0136] Accordingly, a repetitive string of components
of light included in falling periods 13 of reflected optical
pulses 19 is stored in the storage 4 by photoelectric con-
version as one frame of signal charge 18 in correspond-
ence with a repetitive pulse string of optical pulses 38.
After the end of one frame, the signal charge 18 is out-
putted to the control circuit 7 as an electric signal 15. The
electric signal 15 contains information on cerebral blood
flow.

[0137] After the emission of optical pulses 38, ambient
noise may be measured by keeping the electronic shutter
open and closed for the same length of time and the same
number of times in the absence of light emission. The
S/N ratios of the signals can be improved by subtracting
the value of the ambient noise from each of the signal
values.

[0138] The configuration of the photodetector 2 shown
in Fig. 5 is equivalent to one pixel. This makes it possible
to acquire biological information about averaged blood
flow within the physical object 5.

10

15

20

25

30

35

40

45

50

55

14

[0139] Alternatively, as the photodetector 2, an image
sensor including, for each pixel, a photoelectric converter
3, a storage 4, and an electronic shutter that switches
between storing signal charge and not storing signal
charge in the storage 4 may be used. In this case, the
photodetector 2 is an image sensor having a plurality of
photodetection cells arrayed two-dimensionally. Each of
the photodetection cells stores, as signal charge 18, a
component of lightincluded in a falling period of a reflect-
ed optical pulse 19. Furthermore, each of the photode-
tection cells outputs an electric signal 15 representing
the total amount of signal charge stored. This makes it
possible to acquire biological information about the blood
flow of the physical object 5 as a moving image including
a plurality of frames.

[0140] Next, the superimposition of the information on
cerebral blood flow onto the electric signal 15 is described
with reference to Figs. 8A and 8B.

[0141] Fig. 8Ais afrontview showing changes in blood
flow that are present inside the physical object 5. Fig. 8B
is a side cross-sectional view showing changes in blood
flow that are present in the physical object 5. In the ex-
amples shown in Figs. 8A and 8B, regions 14a and 14b
are shown that indicate internal blood flow at approxi-
mately 10 to 18 mm from the surface. The internal blood
flow here is cerebral blood flow. Attention is paid to the
optical path through which the light 8, which is irradiating
light, enters the physical object 5 and is detected as the
internally-scattered light 9 from the interior by the photo-
detector 2. Theinternally-scattered light 9, albeit depend-
ing on a blood flow distribution, passes through the re-
gions 14a and 14b. Furthermore, the internally-scattered
light 9 is repeatedly scattered or absorbed and comes
out of the physical object 5 as the reflected scattered light
11 from the interior.

[0142] Next, a method for acquiring a distribution that
indicates changes in blood flow in the physical object 5
is described.

[0143] First, the control circuit 7 causes the photode-
tector 2, which is an image sensor, to output the following
first and second image signals. The first image signal
represents a two-dimensional distribution of the total
amount of signal charge 18 stored in the plurality of pho-
todetection cells during a first period. The second image
signal represents a two-dimensional distribution of the
total amount of signal charge 18 stored in the plurality of
photodetection cells during a second period preceding
the first period.

[0144] Next, the signal processing circuit 36 receives
the firstand second image signals from the photodetector
2. After that, the signal processing circuit 36 generates
a difference image representing the difference between
an image represented by the first image signal and an
image represented by the second image signal.

[0145] The difference image is equivalent to a distri-
bution that indicates changes in cerebral blood flow in a
part being tested 60. It is assumed herein that the differ-
ence image is an image that uses the second image sig-
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nal as a reference value and displays an increase or de-
crease in the firstimage signal from the reference value.
When the signal processing circuit 36 receives the sec-
ond image signal only once and repeatedly receives the
firstimage signal every one-frame cycle, a moving image
representing a distribution that indicates changes in
blood flow in the physical object 5 is obtained.

[0146] Next, a method for improving the size of a cer-
ebral blood flow region detected to an actual size is de-
scribed.

[0147] Fig. 9A is a diagram schematically showing
changes in blood flow in the interior of the physical object
as detected by irradiation with an optical pulse. Fig. 9B
is a diagram schematically showing changes in blood
flow in the interior of the physical object 5 as image-cor-
rected by image computations.

[0148] The signal processing circuit 36 generates
blood flow information on the interior of the physical ob-
ject5throughthe use of an electric signal 15 representing
an amount of signal charge 18. The electric signal 15
contains the blood flow information on the interior of the
physical object 5.

[0149] Inthe example shown in Fig. 9A, the two-dimen-
sional image represents a distribution of a region 14c of
change in cerebral blood flow. The region 14c of change
in cerebral blood flow is in a spread state due to scattering
of cerebral blood flow in the interior. To address this prob-
lem, the signal processing circuit 36 makes an image
correction by guessing the scattering state through a dif-
fusion equation or a Monte Carlo analysis. By so doing,
the signal processing circuit 36 generates an actual-size
two-dimensional image representing a distribution of a
region 14d of change in cerebral blood flow such as that
shown in Fig. 9B. This two-dimensional image is a de-
sired image thatindicates changes in cerebral blood flow.
[0150] Next,laserdevices 6 according to modifications
of Embodiment 1 of the present disclosure are described.
[0151] Fig. 10is a schematic view for explaining a con-
figuration of a laser device 6 according to a first modifi-
cation of Embodiment 1 of the present disclosure and
how a physical object 5 is irradiated with light 8 emitted
from the laser device 6.

[0152] Instead of the optical member 28, the laser de-
vice 6 according to the first modification of Embodiment
1 further includes an optical member 28a having two sur-
faces opposite to each other and an optical member 28b
having two surfaces opposite to each other. In the laser
device 6 according to the first modification of Embodi-
ment 1, the diffusing member 20 and the screen 21 are
notdisposed on an identical optical member but disposed
on the separate optical members 28a and 28b, respec-
tively. The diffusing member 20 is on one of the two sur-
faces of the optical member 28a, and the screen 21 is
on one of the two surfaces of the optical member 28b.
The other of the two surfaces of the optical member 28a
faces the other of the two surfaces of the optical member
28b. The phrase "two surfaces opposite to each other"
as used herein encompasses a case where the two sur-
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faces are not parallel to each other. In this example, the
optical members 28a and 28b have translucency. The
optical members 28a and 28b are for example planar
substrates of glass or resin.

[0153] The diffusing member 20 and the optical mem-
ber 28a are combined to serve as a diffusing structure
29, and the screen 21 and the optical member 28b are
combined to serve as a screen structure 30. The diffusing
structure 29 can be fabricated by forming, on a larger
optical member 28a, a diffusing member 20 of the same
size as the optical member 28a and cutting out a desired
size. The diffusing structure 29 is much smaller in size
than the screen structure 30. Accordingly, the cost of the
diffusing structure 29 can be reduced.

[0154] Further, since the diffusing member 20 is on
that one of the two surfaces of the optical member 28a
which faces the laser light source 1, itis possible to make
the scale of enlargement of the apparent light source
larger than it is when the diffusing member 20 is on the
opposite surface. Further, since the screen 21 is on that
one of the two surfaces of the optical member 28b which
is opposite to the surface facing the laser light source 1,
it is possible to make the scale of enlargement of the
apparent light source larger than it is when the screen
21 is on the surface facing the laser light source 1.
[0155] Fig. 11is a schematic view for explaining a con-
figuration of a laser device 6 according to a second mod-
ification of Embodiment 1 of the present disclosure and
how a physical object 5 is irradiated with light 8 emitted
from the laser device 6.

[0156] The laser device 6 according to the second
modification of Embodiment 1 further includes a collima-
tor lens 22 located between the laser light source 1 and
the diffusingmember 20. In the laser device 6, the emitted
light 31 from the laser light source 1 enters the diffusing
member 20 after being converted by the collimator lens
22 into parallel light. The diffusing member 20is designed
in accordance with parallel light. Accordingly, it is not
necessary to design the diffusing member 20 in accord-
ance with diverging light serving as the light 31 emitted
from the laser light source 1, so that the design of the
diffusing member 20 is simplified.

[0157] Fig. 12is a schematic view for explaining a con-
figuration of a laser device 6 according to a third modifi-
cation of Embodiment 1 of the present disclosure and
how a physical object 5 is irradiated with light 8 emitted
from the laser device 6.

[0158] Inthe laser device 6 according to the third mod-
ification of Embodiment 1, the screen structure 30 includ-
ing the screen 21 is placed at a slant of, for example, 45
degrees with respect to the optical path of the light 23,
which is refracted light or diffracted light emitted from the
diffusing member 20. The diffusing member 20 is on one
of the two surfaces of the optical member 28a, and the
screen 21 is on one of the two surfaces of the optical
member 28b. The other of the two surfaces of the optical
member 28a faces the surface of the screen 21. The
other of the two surfaces of the optical member 28a is
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tilted with respect to the surface of the screen 21. In this
example, the optical member 28a has translucency, and
the optical member 28b has reflectivity. The optical mem-
ber28ais for example a planar substrate of glass or resin.
The optical member 28b is for example a planar substrate
of metal. A usable example of the metal is aluminum.
[0159] Thelight31emittedintheY directionis reflected
by the screen 21 to be bentinthe Zdirection. The physical
object 5 is irradiated with light bent in the Z direction.
Such afolding optical system makes it possible to reduce
the Z-direction size of the laser device 6.

(Embodiment 2)

[0160] Next, an optical sensing apparatus according
to Embodiment 2 of the present disclosure is described
with reference to Figs. 13 to 15 with a focus on differences
from the optical sensing apparatus according to Embod-
iment 1.

[0161] Fig. 13isaschematic view for explaining a con-
figuration of a laser device 6 according to Embodiment
2 of the present disclosure and how a physical object 5
is irradiated with light 8 emitted from the laser device 6.
Fig. 14 is a diagram schematically showing an internal
configuration of a control circuit 7 and a photodetector 2
of an optical sensing apparatus 17 according to Embod-
iment 2 of the present disclosure and the flow of signals.
Fig. 15 is a diagram schematically showing a time distri-
bution (upper row) of optical pulses emitted from the laser
device 6, a time distribution (middle row) of optical power
detected by the photodetector 2 of the optical sensing
apparatus 17, and timings and charge storage (lower
row) of an electronic shutter according to Embodiment 2
of the present disclosure.

[0162] The laser device 6 according to Embodiment 2
differs from the laser device 6 according to Embodiment
1inthat the laser light source 1 is a multiwavelength light
source that emits at least two wavelengths of light and
emits optical pulses in sequence for each separate wave-
length. The optical sensing apparatus 17 of Embodiment
2 differs from the optical sensing apparatus 17 of Em-
bodiment 1 in that the optical sensing apparatus 17 of
Embodiment2includes the laser device 6 of Embodiment
2, which has a multiwavelength light source. The other
components are the same as those of the optical sensing
apparatus 17 of Embodiment 1.

[0163] The laser light source 1 includes, for example,
a plurality of light-emitting elements 1a and 1b arranged
side by side inthe Y direction. The light-emitting element
1a emits light of a first wavelength range, and the light-
emitting element 1b emits light of a second wavelength
range that is different from the first wavelength range.
The light-emitting elements 1a and 1b are for example
laser chips.

[0164] The absorptance of oxyhemoglobin and deox-
yhemoglobin varies, for example, at wavelengths of A1 =
750 nm and A, = 850 nm. Therefore, computing two elec-
tric signals respectively obtained by using these two
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wavelengths makes it possible to measure the propor-
tions of oxyhemoglobin and deoxyhemoglobin in the
physical object 5.

[0165] When the physical object 5 is a forehead area
of the head of a living body, the amount of change in
cerebral blood flow in the frontal lobe, the amounts of
change in oxyhemoglobin concentration and deoxyhe-
moglobin concentration, or the like can be measured.
This makes sensing of information such as emotions pos-
sible. For example, in a centered state, there occur an
increase in cerebral blood flow volume, an increase in
amount of oxyhemoglobin, and the like.

[0166] Various combinations of wavelengths are pos-
sible. At a wavelength of 805 nm, the rates of absorption
of oxyhemoglobin and deoxyhemoglobin become equal.
Accordingly, in view of the biological window, for exam-
ple, a wavelength of not shorter than 650 nm and shorter
than 805 nm and a wavelength of longer than 805 nm
and not longer than 950 nm may be combined. Further-
more, a third wavelength of 805 nm may be used in ad-
dition to the two wavelengths. In a case where three
wavelengths of light are used, three laser chips are need-
ed; however, since information on the third wavelength
is obtained, utilizing the information may make compu-
tations easy.

[0167] The photodetector 2 of the optical sensing ap-
paratus 17 of the present embodiment includes an elec-
tronic shutter that switches between storing signal charge
and not storing signal charge and two storages 4a and
4b. An optical pulse 38a of a wavelength 1, is emitted
from the light-emitting element 1a. The photoelectric con-
verter 3 photoelectrically converts a component of re-
flected scattered light 11 included in a falling period 13
of a reflected optical pulse 19a returning to the photode-
tector 2 in correspondence with the optical pulse 38a.
After that, the storage 4a is selected in accordance with
control signals 16a, 16b, and 16¢ from the control circuit
7, and a first signal charge 18a is stored for a period of
time Tg4 of, for example, 11 to 22 ns. After passage of
the period of time Tsi, the drain 12 is selected in accord-
ance with the control signals 16a, 16b, and 16c from the
control circuit 7, and, and charge from the photoelectric
converter 3 is released.

[0168] After this, the light-emitting element 1a is re-
placed by the light-emitting element 1b, which similarly
emits an optical pulse 38b of a wavelength A,. The pho-
toelectric converter 3 photoelectrically converts a com-
ponent of reflected scattered light 11 included in a falling
period 13 of a reflected optical pulse 19b returning to the
photodetector 2 in correspondence with the optical pulse
38b. After that, the storage 4b is selected in accordance
with the control signals 16a, 16b, and 16c¢ from the control
circuit 7, and a second signal charge 18b is stored for a
period of time Tg, of, for example, 11 to 22 ns. After
passage of the period of time Tg,, the drain 12 is selected
in accordance with the control signals 16a, 16b, and 16¢
from the control circuit 7, and, and charge from the pho-
toelectric converter 3 is released. These optical pulses
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38a and 38b are repeatedly emitted in sequence and
stored as one frame of first signal charge 38a and one
frame of second signal charge 18b, respectively. After
the end of one frame, the first signal charge 18a and the
second signal charge 18b are outputted to the control
circuit 7 as afirst electric signal 15a and a second electric
signal 15b, respectively.

[0169] From two pieces ofimage information acquired,
two images representing two-dimensional concentration
distributions of oxyhemoglobin and deoxyhemoglobin,
respectively, can be generated as images that indicate
changes in cerebral blood flow.

[0170] The present embodiment, too, makes it possi-
ble to provide a laser device 6 that emits light that in-
creases MPE and AEL for Class 1 and can be applied to
atime-resolved measurement and an optical sensing ap-
paratus 17 including the same that can improve an S/N
ratio.

[0171] The optical sensing apparatuses 17 according
to Embodiments 1 and 2 have been described with ref-
erence to a case where information on the physical object
5 is cerebral blood flow. The information on the physical
object 5 may be information on the distance from the
physical object to the photodetector. In this case, the
electric signal 15 contains a signal representing the dis-
tance. The optical sensing apparatuses 17 according to
Embodiments 1 and 2 may be configured as TOF (time-
of-flight) cameras that can increase irradiating power
while ensuring safety.

[0172] In the foregoing, the laser devices 6 according
to Embodiments 1 and 2 and the optical sensing appa-
ratuses 17 including the same have been described.
However, the present disclosure is not limited to these
embodiments.

[0173] The laser devices according to Embodiments 1
and 2, the optical sensing apparatuses including the laser
devices, and a laser device based on a combination of
the configurations of the optical sensing apparatuses are
also encompassed in the present disclosure and can
bring about similar effects.

Industrial Applicability
[0174] The present disclosure is applicable to uses in
such areas as non-contact measurements of living bod-
ies or food, e.g. biomedical sensing or freshness sensing.
Reference Signs List
[0175]

1 Laser light source

2 Photodetector

3 Photoelectric converter

4 Storage

10

15

20

25

30

35

40

45

50

55

17

5 Physical object

5s Surface

6 Laser device

7 Control circuit

8, 23, 24, 25, 26, 31 Light

9 Internally-scattered light
10 Directly-reflected light

11 Reflected scattered light
12 Drain

13 Falling period

14a, 14b, 14c, 14d Region
15 Electric signal

16a, 16b, 16¢c Control signal
17 Optical sensing apparatus
18 Signal charge

19 Reflected optical pulse
20 Diffusing member

20s Diffusing surface

21 Screen

22 Collimator lens

27 Optical path

28, 28a, 28b Optical member
29 Diffusing structure

30 Screen structure

32 Lens array

33 Contour line

34 Center

35 Lens boundary

36 Signal processing circuit



33 EP 3 726 197 A1 34

Claims

1.

An optical sensing apparatus comprising:
a laser device including

a light source that emits laser light,

a diffusing member having a diffusing sur-
face that crosses an optical path of the laser
light, the diffusing member refracting or dif-
fracting the laser light to make the laser light
lower in intensity in a first portion including
a center of a cross-section of the laser light
that crosses the optical path, make the laser
light higher in intensity in a second portion
of the laser light that surrounds the first por-
tion in the cross-section, and enlarge a
beam diameter of the laser light, and

a screen that crosses an optical path of the
laser light having passed through the diffus-
ing member,

the laser device irradiating a physical object with
the laser light having passed through the screen
or the laser light reflected by the screen;

a photodetector that detects at least a portion of
the laser light returning from the physical object
and outputs an electric signal; and

a control circuit that controls the laser device
and the photodetector,

wherein the control circuit causes the laser de-
vice to irradiate the physical object with at least
one optical pulse of the laser light and causes
the photodetector to perform a time-resolved
measurement of at least one reflected optical
pulse of the laser light returning from the phys-
ical object.

The optical sensing apparatus according to Claim 1,
wherein a beam diameter of the laser light on the
diffusing surface is smaller than 10 mm.

The optical sensing apparatus according to Claim 1
or 2, wherein a beam diameter of the laser light on
the screen is not smaller than 10 mm.

The optical sensing apparatus according to any of
Claims 1 to 3, wherein a beam diameter of the laser
light on a surface of the physical object is larger than
a beam diameter of the laser light on the screen.

The optical sensing apparatus according to any of
Claims 1 to 4, wherein the diffusing member further
includes a lens array on the diffusing surface.

The optical sensing apparatus according to any of
Claims 1 to 5, wherein the diffusing member is con-
figured such that the laser light spreads at a first
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10.

1.

12.

13.

spread angle when the laser light passes through
the diffusing member,

the screen is configured such that the laser light
spreads at a second spread angle when the laser
light passes through the screen or is reflected by the
screen, and

the first spread angle is larger than the second
spread angle.

The optical sensing apparatus according to any of
Claims 1 to 6, wherein the screen includes a plurality
of depressions and a plurality of projections alter-
nately arranged two-dimensionally on a surface of
the screen, and

a depth of each of the plurality of depressions and a
height of each of the plurality of projections each
range from 2 pm to 30 um.

The optical sensing apparatus according to any of
Claims 1 to 6, wherein the screen includes a first
layer and a second layer, and

a refractive index of the first layer is different from a
refractive index of the second layer.

The optical sensing apparatus according to any of
Claims 1 to 6, wherein the screen includes a plurality
offirst parts and a plurality of second parts alternately
arranged two-dimensionally on a surface of the
screen, and

a refractive index of each of the plurality of first parts
is different from a refractive index of each of the plu-
rality of second parts.

The optical sensing apparatus according to any of
Claims 1 to 9, wherein 1/pus < d < 1/ps’, where d is
the thickness of the screen, ps’is the equivalent scat-
tering coefficient of the screen, and s is the scat-
tering coefficient of the screen.

The optical sensing apparatus according to any of
Claims 1 to 10, wherein a distance from the diffusing
member to the screen is longer than a distance from
the light source to the diffusing member.

The optical sensing apparatus according to any of
Claims 1 to 11, further comprising an optical mem-
ber, disposed between the diffusing member and the
screen, that has a first surface and a second surface
opposite to the first surface,

wherein the diffusing member is disposed on the first
surface, and

the screen is disposed on the second surface.

The optical sensing apparatus according to any of
Claims 1 to 11, further comprising:

a first optical member having a first surface and
a second surface opposite to the first surface;



14.

15.

16.

17.

18.

35

and

a second optical member having a third surface
and a fourth surface opposite to the third sur-
face,

wherein the first optical member and the second
optical member are both disposed between the
diffusing member and the screen,

the diffusing member is disposed on the first sur-
face,

the screen is disposed on the fourth surface, and
the second surface faces the third surface.

The optical sensing apparatus according to any of
Claims 1 to 11, further comprising:

a first optical member having a first surface and
a second surface opposite to the first surface;
and

a second optical member having a third surface
and a fourth surface opposite to the third sur-
face,

wherein the first optical member is disposed be-
tween the diffusing member and the screen,
the diffusing member is disposed on the first sur-
face,

the screen is disposed on the third surface,
the second surface faces a surface of the
screen,

the second surface is tilted with respect to the
surface of the screen, and

the laser device irradiates the physical object
with the laser light reflected by the surface of the
screen.

The optical sensing apparatus according to any of
Claims 1 to 14, further comprising a collimator lens
located between the light source and the diffusing
member.

The optical sensing apparatus according to any of
Claims 1 to 15, wherein the control circuit causes
the photodetector to detect a component of light in-
cluded in a falling period of the at least one reflected
optical pulse and output an electric signal represent-
ing an amount of the component, and

the falling period is a period from beginning to end
of a decrease in intensity of the at least one reflected
optical pulse.

The optical sensing apparatus according to Claim
16, wherein the electric signal contains information
on an internal state of the physical object.

The optical sensing apparatus according to Claim
17, wherein the physical object is a living body, and
the electric signal contains information on blood flow
in the living body.
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19.

20.

21.
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The optical sensing apparatus according to Claim
17, wherein the physical object is a human forehead,
and

the electric signal contains information on cerebral
blood flow.

The optical sensing apparatus according to any of
Claims 1 to 19, wherein the electric signal contains
information on a distance from the physical object to
the photodetector.

The optical sensing apparatus according to Claim
20, wherein the photodetector is a time-of-flight cam-
era.
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